An automated structure-refinement program has been developed for X-ray powder diffraction data collected on disordered carbons. The program minimizes the difference between the observed and calculated diffraction profiles in a least-squares sense by optimizing model parameters analogously to the popular Rietveld refinement method. Unlike the Rietveld method, which is designed for crystalline materials, this program allows the quantification of the finite size, strain and disorder present in disordered carbon fibers and cokes. For example, the structural model used includes the probability of a random translation parallel to adjacent carbon layers as a refinable parameter describing turbostratic disorder. Other parameters are used to describe finite size, fluctuations in the spacing between adjacent layers, average lattice constants, background and other important quantities. The structural model, combined with the refinement program, acceptably describes the diffraction patterns from disordered carbons such as pitch heated near 823 K, cokes, fibers, heat-treated cokes and synthetic graphite.
Introduction
Synthetic carbons prepared by heat treating hydrocarbons or polymers are technologically important materials that generally have disordered crystal structures and complex X-ray diffraction profiles. Carbon manufacturers routinely use such diffraction patterns to characterize their products using parameters such as the lattice constants a and c and the sizes of the crystalline domains Lc (in the c-axis direction) and L a (in the layer sheet). The lattice constants are normally calculated from the positions of the Bragg peaks using the Bragg equation and L c and La are obtained from the widths of appropriate Bragg peaks using the Scherrer equation (Cullity, 1956) . The estimation of peak positions and widths can sometimes be open to interpretation, especially for disordered carbons where only a few peaks can be observed. This means that the parameter values can be subject to relatively large errors, which can make accurate quantification of the structure of the carbon of interest difficult. Therefore, we believe that a © 1993 International Union of Crystallography Printed in Great Britain -all rights reserved reliable, automated and accurate method of determining the structure (including the amount of disorder) of any carbon is needed.
In this paper, we present an automatic procedure for quantitative structural refinement of disordered carbons. First, we describe the structural model for disordered carbons and the parameters we use to quantify the carbon structure. Then, we briefly describe the theoretical treatment we use to calculate the diffraction pattern of carbon described by the model parameters. Although the basic theory of X-ray diffraction from disordered layer structures is well known (Warren 1934 (Warren , 1941 Guinier 1963; Hendricks & Teller 1942; Drits & Tchoubar, 1991 etc.) , it has never been written down clearly in one place. We present the formalism in our own notation so that the details of our model are made clear. Then, we show how variations of the model parameters that describe disorder affect simulated patterns. We discuss briefly how the structural model has been incorporated into an automated least-squares fitting program that is used to compare the model calculation to the measured diffraction data and optimize the parameters of the model to best describe the data. Finally, we present examples of the agreement between data and theory for several carbons made from petroleum pitch heated to different temperatures to show how the crystallite size and amount of turbostratic disorder can be accurately measured.
The refinement program is written in Fortran 77 and is presently operated on a desktop workstation (comparable to an IBM 486). A typical structure solution uses about 20 min of CPU time. At the end of refinement, a graphical comparison between the data and the calculation is available, as well as the values of the structural parameters and their standard deviations. We have used the program to fit over 40 kinds of disordered carbons from US and Japanese sources and have been able to fit every one acceptably. The program is available from the authors. Franklin, 1950b Franklin, , 1951a Ergun, 1968 Ergun, , 1976 Drits & Tchoubar, 1991) . All of these models assume that any carbon is made up of single-atomic sheets of carbon in the graphite honeycomb arrangement, which are then stacked to form the carbon. The lateral extent of the sheets (Lo) and the number of sheets stacked (M) are often also model parameters. In graphite, the sheets are stacked with ... ABABAB... stacking (in the notation of hexagonal-close-packed planes (Ashcroft & Mermin, 1976) but in disordered carbons, the probability of finding a random shift or rotation parallel to adjacent layers [turbostratic disorder (Ruland, 1965) ] is large. In our model, the probability P of finding such a random shift is large for disordered carbons like coke and small for heated-treated synthetic graphite. The remaining layers are assumed to be stacked with the registry of pure graphite. If a particular carbon sheet is said to occupy the so-called A position, then the choices for the next layer are:
(i) a random shift with probability P;
(ii) occupation of the B position, with probability
(1 -P)/2;
(iii) occupation of the C position., with probability
(1 --P)/2.
This model (we call it the sinole-layer model) clearly cannot reproduce the ABABAB ... stacking found in crystalline graphite. But it appears to describe the most disordered carbons adequately. For more crystalline carbons and graphites, a model with an AB-stacked primitive sandwich is used (see §2.2).
Further parameters of the model are: (i) a preferred orientation parameter needed to enhance 001 reflections for carbons with platelike character;
(ii) an overall scale factor to scale the calculation to match the data;
(iii) a constant background parameter; (iv) an isotropic thermal parameter;
(v) the absorption length,/~, of X-rays in the thick samples that we use;
(vi) a parameter to include a-axis fluctuation or in-plane strain;
(vii) a fluctuation, (62) 1/2, in the c-axis spacing between adjacent layers;
(viii) the fraction of low-strain regions in the carbon (explained in detail below).
We take the spacing between adjacent layers to be doo 2 + 6, where (3) = 0 (() denotes the average value) and (62) # 0. [The probability of finding a particular strain, 6, is determined by the strain probability distribution, P(6), discussed below.]
Using the widths of the 002 and 10 peaks and the Scherrer equation to estimate La and L, for disordered carbons can give values as small as 10/~. If this were taken to be the true particle size, the surface area of the carbon would be enormous. Since the BET (Brunauer, Emmett & Teller) surface areas of both hard and soft carbons with small Lo and Lc can be less than 1 m 2 g-t, it is clear that Lo and Lc do not correspond to particle size in the literal sense. Instead, each carbon grain is made up of many small regions, characterized by L a and L,, which scatter X-rays incoherently with respect to one another. This means that the phase shift of X-rays scattered from one small region to the next is random. These small regions that scatter coherently within themselves are referred to here as low-strain regions. Franklin (1950a Franklin ( , 1951b hypothesized that, between each of the small regions characterized by L,, and L,, unorganized carbon can be found that is highly strained. In her picture, the unorganized carbon might consist of groups of tetrahedrally bonded carbon atoms or of highly buckled graphitic sheets placed between the low-strain packets. Fig. 1 shows our view of this situation, which agrees well with Fig. 8 in Franklin's (1951b) paper. It is the presence of the unorganized carbon that leads to the lower densities found in disordered carbons compared to graphite.
How can we treat the situation shown in Fig. 1 in a scattering calculation? Clearly, a treatment that assumes stacks of M carbon layers that then sharply terminate is incorrect. In fact, with such a model, it is impossible to fit the X-ray data in the region below the 002 peak. One adjusts the number of layers to give the correct peak width and then, invariably, the calculation predicts excess intensity below 20 ° (Cu K~). A better way is to include the highly strained regions that border the low-strain regions because they cause interferences that reduce this low-angle scattering.
We select the strain probability distribution, P(6), to reflect the schematic view of a disordered carbon shown in Fig. 1 . We choose a combination of a Dirac delta function centered at 6 = 0 to represent the low-strain regions and a Gaussian distribution of appropriate width (62) 1/2 to represent the layers that are highly strained. P(6) = 960(6) + (1 -oX2rt(62)) -1/2 exp [-62/(2(62))].
(1)
In (1), 60 is a Dirac delta function and 0 is a number between zero and one that represents the fraction of low-strain material present. To build up a carbon sample, one selects a layer and places the next layer a distance do02 + 6 away, where 6 is selected on the basis of the probability P(6). If g is close to one, there will be many layers selected with a spacing d002(6 = 0) before a strained layer is placed, which could have a very different layer spacing if (62) is large. When 9 is close to zero, one will only rarely find adjacent layers separated by exactly doo2. The low-strain fraction in some low-temperature hard carbons can be as low as 20%. Alternatively, for higher heat-treatment temperatures, g can be set equal to zero and good fits obtained when ((62)) 1/2 is small compared to doo2. Thus, the strain probability function of (1) is quite general and can be used to treat both hard and soft carbons of any heat-treatment temperature.
We have found that this model, although simple, can accurately describe the diffraction pattern of disordered carbon, as we show in the examples of fits given in ~4.
More graphitic carbons: the two-layer model
To deal with the structures of more graphitic carbons, we make a small modification. We assume that the basic structure of the carbon is a two-layer package with AB-registered stacking and finite lateral extent. These packages are then stacked with the following options:
(i) a random shift between adjacent packages, with probability P;
(ii) a registered shift between adjacent packages, with probability Pt, to make the local order AB/CA/BC etc.;
(iii) no shift at all, with probability (1 -P-P,), which gives AB/AB stacking. Clearly, ifP = 0 and P, ---0, the ABABAB... stacking form in graphite-2H is found. The registered shift can include a small fraction of 3R-type stacking faults in graphitic carbons or, if P, = 1 and P = 0, the ordered 3R form is obtained. All other parameters of the single-layer model described above are retained and have the same or similar meanings except that the low-strain fraction # is not needed in graphitic carbons, which means we use only the Gaussian distribution (the second term) in (1) to describe the c-axis spacing fluctuation. In the two-layer model, the probability of finding a random shift between any two carbon sheets is P/2 because half the layers are constrained to be in AB-registered stacking. For simplicity, we assume that there are no interlayer spacing fluctuations within the two-layer packages but only between them; ((6)2) 1/2 describes this fluctuation in the two-layer model. Therefore, the average size of the interlayer spacing fluctuation is ((6)2)1/2/2 because half the layer pairs are constrained to have no fluctuation in the two-layer model. Finally, in the two-layer model, M is the number of two-layer stacks so the number of single-layer sheets in the crystal is 2M. There is a crossover region for materials that are between about 60 and 90% graphitic where both of the models can be used to describe the carbon. The user must select the model he or she prefers. To compare the results of the refinements of the two models, one can roughly compare parameters, as shown in Table 1 .
Theory
We now calculate the diffraction pattern of a disordered carbon described by the model above. In this section, we briefly describe the mathematical formalism of the model. Historically, Warren (1941) was the first to suggest an explanation of the X-ray diffraction patterns produced by partially disordered lamellar powders. The basic idea is simple; that is, to consider a whole layer as a giant crystal-diffracting unit with a layer structure factor repeated more or less regularly along a single direction (Houska & Warren, 1954; M+ring, 1949) . In the following, we use the standard kinematic X-ray theory, following closely the treatment of Drits & Tchoubar (1991) , to construct our model.
Single layer with finite extent
Scattering from a perfect and finite triperiodic crystal can be fully described by: (i) three unit-cell vectors al, a2 and a3; (ii) the atomic positions within each unit cell vi and the corresponding form factors f,<s), where s is the scattering wave vector; (iii) a shape function of the crystal, 0(R), which is equal to one within the crystal and zero outside the crystal (Ewald, 1940) . R is a Bravais-lattice vector; R = n,a, + n2a 2 + n3a 3 (nl, n 2 and n3 are integers). The scattered amplitude, ¢~(s) is given by
where s = 2 sin 0/2, F(s) is the structure factor and ~(s) is the spatial Fourier transform of the shape function. It is convenient to isolate the fractional portion of the scattering vector" where so = hb, + kb2, ~ = e,b, + e2b2, the bi (i = 1, 2) are two-dimensional primitive reciprocal-lattice vectors, h and k are integer Miller indices labeling two-dimensional reciprocal-lattice points, i~ is the unit vector perpendicular to the layer plane, Z is the component in the direction of il and the e are fractional deviations of s from the in-plane reciprocallattice point So. By definition, r/(s) is independent of h and k and, because it is sharply peaked around each point So, we neglect the e dependence of the first term in brackets in (2). Thus, the expression for the scattering amplitude from a single finite graphitic layer of carbon atoms is
where ~hk --2 COS [~n(h --k)] is the geometric structure factor for the two-point-basis honeycomb lattice. This corresponds to rods of scattering along the [00l] direction in reciprocal space. For a roughly isotropic layer with diameter L~, r/(e) is well approximated by [following Warren (1969) 
where co = 2/[L~(3~) ~/2] determines the transverse decay from the rod. In order to include in-plane strain, we relax co by introducing a dimensionless refinable parameter ( (Ergun, 1968 (Ergun, , 1976 , then let co ~ co + ~So and maintain the integrated scattering area in (5). The corresponding change in r/is 
Diffraction from stacked layers
We now consider a stack of M identical graphite layers arranged so that the layers are mutually parallel. The total amplitude of the beam diffracted by the entire stack can be expressed as
m=l where rm is the position of layer m. The diffracted intensity is i(s)= IA(s)l 2. For perfect graphite, the interlayer translation vector At=r,,,+,-rm will alternate between (~, 2 ~, ½) and (-~, -2, ½). For disordered carbons, Ar will take many values At,, At2,..., Art, selected with probabilities p,, P2 .... , Pj-We assume that there are no correlations between layers that are not nearest neighbors. Under this assumption, one can write the averaged intensity expression (Drits & Tchoubar, 1991) over Ar as follows:
<i(s)>d, = Ml~s)l 2 Re {(l + q)/(1 -q)
where q = <exp(2nis'Ar)> and G is the so-called modulation or interference function for the crystal. This notation separates the effects of the internal structure of the layer (through the factor ~) and of the stacking sequence (through the factor G) on the scattered intensity. Equation (8) is the basis of the subsequent discussions and, from now on, the average symbols <> around i(s) will be implied.
The nature of the disorder is completely determined by the probability pj and its associated shift vectors At, which in turn determine the wave-vector dependence q. An explicit stacking model is discussed in detail in the next section.
As defined, G(s) will be peaked at (001) reciprocal-lattice points. These harmonics are for the most part unimportant but can cause problems near the 002 reflection, which is very strong in many carbons. The harmonics are, to our knowledge, never observed in powder experiments, presumably because of the distribution in particle sizes present in any real sample. We can emulate this situation in our calculation by assuming a Gaussian distribution of stacking sizes centered at 
This result is similar to (8) (we still use M instead of M o below for simplicity), the only modification being the exponential factor next to the qU+l term. The choice of aM is somewhat arbitrary because, if aM > 2, all harmonics are essentially eliminated without the primary peaks being otherwise modified. Therefore, we have fixed aM = 2 in our analysis.
Stacking models
The modulation function G(s) in (9) has been calculated in terms of the average phase factor between two layers q = <exp (2his'At)). To calculate q, we must define a distribution of the translation vectors Ar t that occur with probability p~. We discuss this in the next two subsections.
3.3.1. Single-layer model. We first calculate q for the simple case where h = k = 0, which involves only the strain averaging. The probability distribution is given by (1) 
where 6ij is the Kronecker delta symbol and Pbhobko is needed to describe the 00 Bragg rod.
3.3.2. Two-layer model. For more graphitic carbons, the low-strain fraction is not used (i.e. g = 0). We also include a new registered translation probability P, to include the 3R stacking faults in graphitic carbons. The rest of the formalism remains the same and we simply replace the single-layer scattering amplitude in (8), @(s), with that of a registered two-layer package, 4)'(s) = ~m(S)(1 + exp {2his" [(aft3) + (2a2/3) 4-(doo2az)]}).
Then, I¢'(s)l: = 4l¢(s)l 2 cos 2 n(~h 4-2k + Zdoo2). (12) Thus, the average phase factor q is Fig. 3 shows the effects of P, and P on the different peaks. Both Pt and P can broaden the 102 and 103 peaks but they have different effects on high-angle peaks, which is important to get a good fit in the high-angle region. Figs. 4(a) and (b) compare diffraction profiles calculated by the two models. For all calculations, we use doo2 = 3.38, a = 2.46, La = 200, L c = 270 (M = 80 A) and 6 = 0.01 A. Fig. 4(a) shows results for four different choices of P calculated using the single-layer model. Fig. 4(b) shows the result for the two-layer model with P, = 0. The major differences between the models are:
(i) At large P, the two-layer model cannot reproduce the two-dimensional line shape expected for the 100 peak for a completely turbostratic carbon.
(ii) At small P, the single-layer model cannot reproduce the 102 and 103 peaks observed in more crystalline graphites, while the two-layer model can. The shape of the 100/101 region is also more accurately reproduced for graphitic carbons by the twolayer model. 
Powder averaging
All carbons studied in this work are polycrystalline and we must calculate the powder average of (8) in order to relate to experiment. The powder intensity is an angular average in reciprocal space and, for a single hk rod,
where the integral is over the surface of a sphere of radius s and dA(s) is the corresponding surface element. The factor 1/(4rcs 2) has been shown by Drits & Tchoubar (1991) to correspond to the Lorentz factor. Such surface integrals were originally treated numerically by various authors (Warren, 1941; Laue, 1932; Brindley & M6ring, 1951) but these methods would prove too cumbersome for a least-squares refinement. Because the transverse scattering r/(g) 2 is only significant when e is small, the integration can be simplified by using the tangent-cylinder approximation (Brindley & M6ring 1951; Drits & Tchoubar, 1991 
The powder average has now been reduced to a one-dimensional integral over tp (see Appendix), which we treat numerically. For the h = k = 0 rod, So = 0 and we approximate the integral with j" dtp= (7r/2)1/2[(0) + (So)/s]Goo(S , 7r/2). SCATTERING ANGLE (20) Fig. 4 . Intensity versus scattering angle for the single-layer and two-layer models showing the effects of turbostratic disorder (see text).
[(In 2)/211/2(O) "1 t" (S0) and we integrate three standard deviations on each side of the rod, which includes 99% of the scattered intensity. Thus, we have three distinct cases:
(i) S<So-3tr;
the scattering sphere has no intersection with the hk rod and the integral is zero. 
The measured intensity
To model the measured intensity in a quantitative fashion, a number of other important factors must be taken into account, as outlined below. 
where 01 is the monochromator angle; for our machine, 01 = 13.3 °.
3.5.2. Preferred orientation. Some carbons consist of platelike particles that will not orient themselves randomly when loaded in an X-ray sample holder. When the plates lie fiat, the intensity of the 001 reflection will be enhanced over hkO reflections. We account for this by inserting a preferred-orientation correction in the integral in (15): po(q~) = exp (-PO cos 2 (~), (18) where PO is a refinable parameter. This has been shown by Ergun (1968 Ergun ( , 1976 to be effective.
Absorption and sample thickness.
The penetration of the X-rays into the carbon sample affects the positions and shapes of the peaks because X-rays scattered from particles below the sample surface are not strongly attenuated. This effect causes asymmetric Bragg peaks for thick samples; our treatment of this is similar to that of Ergun (1968 Ergun ( , 1976 .
3.5.4. Thermal motion. The effects of thermal vibration are taken into account by including an isotropic temperature factor, B, as a refinable parameter. The scattering intensity is then attenuated by a factor exp [-2B(sin 2 0/22)].
Carbon $550 S900 S1200 S2000 S2850 Fig. 9 (one-layer model) 3123 Fig. 10 (two-layer model) 3.5.5. Summary. We give the final intensity expression used in our work, with a brief explanation of each symbol used: x exp (-PO cos 2 qg)t,
where I(0) is the final calculated intensity, which is directly comparable with experiment, within an arbitrary overall scale factor; I(0, 0')/Io(0) is the convolution function for the absorption and sample-size correction; s is the magnitude of the scattering vector, s = 2 (sin 0)/2; h and k are Miller indices labeling a Bragg rod; M is the average number of carbon layers stacked along the z direction; L, is the average layer radius; f(s) is the atomic scattering factor for carbon; O~hk is the unit-cell structure factor for a single carbon layer;
P(O) is the polarization correction;
B is the isotropic temperature factor; tp is the angle between the scattering vector s and the basal plane;
PO is the preferred-orientation parameter;
Ghk(S, q~) is the modulation function, which takes turbostratic disorder and strain along the Z direction into account; and So = hbl + kb2 is the reciprocal-lattice vector for the hk rod.
We have discarded the constant factor in (21), which can be absorbed into an overall scale factor during the analysis, and have also divided by ML 2.
Examples of fits and discussion
X-ray diffraction data were collected using a Phillips diffractometer with fixed slits and a diffracted beam monochromator [graphite (002)-I whose wavelength discrimination is insufficient to remove K72 radiation. We used Cu K~ radiation for all of the results described here. The goniometer radius was 173 mm, the incident-beam divergence was 1/2 ° and the receiving-slit width was 0.2 mm for most of the measurements described here. A set of Soller slits was used in the incident beam for collimation in the scattering plane. The instrumental resolution of this equipment is about 0.15 ° full width at half-maximum. Even though our equipment can resolve K~ 1 and K~ 2 peaks above about 20 = 50 ° on well crystallized samples, we have not included the two wavelengths in our refinement program because all the samples we studied have much broader peaks; the program uses the weighted average Cu K~ wavelength, 2 = 1.54178 A (Cullity, 1956) .
We have used our model to fit over 40 carbons from US and Japanese sources. These include cokes, heat-treated cokes, fibers, synthetic graphites and mesocarbon microbeads. To illustrate the effectiveness of our method, we have selected five carbons for discussion. These carbons are all made from the same source and vary only in their heat-treatment temperature. The source is raw petroleum pitch which has never been heated above 773 K. The carbons are described in Table 2 . They are called soft carbons because they graphitize readily upon heating to near 3273 K. (1) $550. This is a very disordered carbon, containing a substantial quantity of hydrogen, with a very small crystallite size. The values of the refined parameters are given in Table 3 . We use a constant background for all the fitting. During the fitting, we fixed P = 1 and M = 40. We used # to include substantial regions of unorganized carbon, to fit the profile in the 002 region. Fig. 6 shows the data and theory (single-layer model) for $900 carbon. The unorganized regions still dominate the carbon grains. The interlayer spacing fluctuation, <~2> 1/2, in the unorganized regions is still quite large (1.02 A). Fig. 7 shows the data and theory (single-layer model) for $1200. There is still a random shift between every pair of layers but the layer extent, La, has increased sufficiently (La=31A) for the twodimensional peak shape of the 100 peak to be discerned. The interlayer spacing has decreased compared to $900 and the a axis has increased. Fig. 8 sharpened substantially compared to S1200 as a result ofan increase in L, to about 105 ,~,, as shown in Table  3 . The 100 and 110 peaks still have predominantly two-dimensional shapes and no mixed-index peaks are observable. Our program is still able to measure L, even for two-dimensional peaks, where naive application of the Scherrer equation would give spurious results. P is refined to 0.897, which indicates that there is slightly more intensity to the right side of the 100 peak than that predicted for P = 1. The interlayer spacing, doo 2, has continued to decrease and the a axis has further increased compared to S1200. The refinement results clearly give substantial insight into the graphitization process for this particular type of carbon. Apparently, increases in L,, and Lc and decreases in (~2>,/2 occur before the turbostratic disorder can be substantially relieved. Fig. 9 shows measured and calculated (single-layer model) patterns for $2850. Now, mixed-index peaks are clearly observed and the refinement indicates that only about 28% of adjacent layer pairs show the random shifts characteristic of turbostratic disorder. The fit, however, is poor in the 100/101 area. Fig.  10 shows the fit to the data when the two-layer model is used. The agreement is very good near 100, 101 and 103, and also at higher angles, because P, is simultaneously refined. Both models give adequate descriptions of the carbon, yielding model parameters that agree fairly well (see Table 3 ).
Concluding remarks
We have developed a general-purpose automated structure-refinement program for disordered carbons. The program is versatile, operates directly on measured data and can adequately describe a wide variety of materials. Therefore, it should be of use to carbon manufacturers and to carbon researchers. For example, we have used the program to study carbons of importance in lithium battery applications to learn how the structural parameters correlate with the electrochemical behavior (Dahn et al., 1993) .
The program is written in Fortran77 and is available from the authors.
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APPENDIX
For a given rod hk, the sphere of radius s is replaced by a cylinder with the same radius whose cylinder axis is in the basal plane and perpendicular to the vector So = hbl + kb2, as shown in Fig. 11 . Looking down on the rod, the sphere appears as a circular arc and near the rod can be approximated by a straight line. The angular integral is now transformed to a new basal-plane coordinate system 
where (p is the angle between s and the basal plane. The approximation (23) 
It is now easy to get (15) in §3.4 by using (26).
